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The Aerwapture Flight Test Experiment (AFTE) is an $80M Earth orbit technology demonstratian flight intended to 
provide an end-to-end wtlidation of low lift-to-drag aeroshell awocapture technology. A complete Phase A mission 
and vehicle design was produced during the New Millennium Program's ST-7 competition for which aerocapture 
was one of the candidate technologies for flight demonstration. Although ultimately not selected for 
implementation, the AFT'E desi@ provida a fhndation upon which future amcapme flight &st missions can be 
considered. The design consists of a 195 kg vehicle oompfised of a fully fimaicrnal spacecraft inside a 70 degree 
spherecone aeroshell. It is launched as a secandary payload to gemynchrmous transfix &it. As the vehicle 
descends fiom geostationary altitude, it is targeted into a precise entry corridor in the atmosphere where it performs 
a guided hypersonic flight. Atmospheric drag will provide a total of 2.4 km/s of velocity decrease leaving the 
spacecraft in a post-aes6capture orbit with a 400 km apoapsis A propulsive Periapse rake maneuver is subsequently 
perfortned to place the spacecraft into a 200 by 400 km piuking orbit for several hours. All stored data is 
transmitted to ground stations during this time, after which the q"& is de-orbited mto the ocean. ?he atire 
flight test lasts for less than one day under nominal conditim. The paper hi the technical details mderlying 
this mission scenario and discusses how the results would benefit h r e  aemcapture missions and related hypersonic 
flight applications like precision landing. 

INTRODUC~O N 

Aemcapture is one of a class of moassist maneuvers that can be used to modulate a spacecraft trajectory with 
aerodynamic forces when m sufficient proximity to a planetary atmosphere. As the ''Caphae" part of the name 
denotes, aerocapture uses drag force to decelerate a spacecraft upon arrival at a planet so that its speed drops below 
escape speed and causes the vehicle to be gravitatimally captured into orbit. Thruster Srings are required to orient 
the vehicle during aerocapture, but do not &emvise alter the velocity. ?his app.oach contcBsts sharply with 
conventional propulsive orbit i n d o n  where thruster firings provide all of the deceleration and typically u " e  a 
significant MCW of the vehicle mas in spent popellant. Aerocapture is also different fhan aerobrakjng although 
both involve tirag force deceleration (See Fig. 1 below). Aerobmking is an orbit cirdarization technique used after 
an initial high eccentricity orbit has been achieved with propulsive orbit insertion. Multiple small velocity change 
(AV) passes through the atmosphere drop the apoapsis over a period of weeks or months, followed by a small 
propulsive Paiapse raise maneuver to annplete the orbit circUlarizeti00. Aeroaqture is an orbit insertion technique 
m which a single atmoepheric pass provides enough AV to achieve the hyperbolic to elliptical orbit transition, In 
this sense it mimics the short duration nature ofpropulsive orbit insertion with the p.imary advantage of not needing 
to cany anything more than attitude control system (ACS) propellant. 

(Insert Fig. 1 here} 

Despite the consideaable advantage of propeIlant mass savings, aemcapture technology never bem attempted in any 
mission. A partial explanation is that the missions to date have had sufficiently moddorbit insertion requirements 
so that chemical propulsion technology sufficed. This situation has changed in recent years as the science 
community moves towards more ambitious planetary missions with more difficult orbit insertion requirements. For 
example, the NASA Space Scimce Strategic Plan m 2000' identified several high priority missions that required the 
propellant mass savings afforded by &efoc8pture technology: Titan Explorer, Neptune Orbiter, Saturn Ring 
Observer, Mars Sample Return and Venus Surfice Sample Return. The importance and timeliness of aerocapture 
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has been echoed by the recent IISTP propulsion technology &ew which placed it in the highest priority category 
for near-team technology development? The recent Decadal Survey by the National Acahemy of SCienoes likswise 
identifies aerocapture technology as a high priority for enabling W e  missions3 This overall mission pull has 
catalyzed efforts to bring aerocapture technology development and flight validation to completion. 

There are many elements to aerocapture technology that must be integrated to yield a robust end-to-end vehicle. 
The most critical requirements stem fkom the hct that amcapture involves very high speed flight (5-30 km/s 
depending on the planet) tbrough an atmosphere whicfi gmaates substantial aerodynamic h x s  and intense 
aerotharmal heating The spacecraft must be protected em these harsh environmental effects with the standard 
apjmach being to put the spacecraft inside a protective aeroshell enclosure that combines thermal protection and 
aerodynamic surfBce functionality. This approach has been successllly used on atmosphehic entry capsules on 
many past missions including Apollo, Pioneer Venus, Viking, Mars Pathfinder and the Galileo entry probe. Unlike 
these entry capsules, however, aaocapture aeroshells levy a rqukeuwnt fiu guided flight m order to compensate for 
the expected approach navigation and atmospheric property uncertainties and thereby achieve the desired post- 
atmospheric orbit.' This requires a lifting aeroshell of a certain minimal lift to drag ratio (VD) and the ability to 
orient the lift vector so as to modulate the trajectory. Specialized on board flight sohare provides the control 
strategy based on the desired post-aerocapture orbit, properties of the planetary atmosphere and real-time inertial 
navigation measurements. For each potential aerocapture mission there is an inhercat optimization involved 
between increasing the lift, and hence modulation capability of the vehicle, versus reducing the errors associated 
with approach navigation and atmospheric property predictions. Other vehicle conslraints like aesothermal heating, 
aerodynamic pressure and deceleration limits also factor into the final design. Proper vehicle desigu therefare 
requires cstrefid systems engineering to combine the many disparate elements into a robust solution. 

In 2001, NASA's New Millennium Program (IMP) selected aeampture aeroshell technology as one of the four 
W i s t s  far its ST-7 flight test opporhmity. Its selection was based on the premise that even though saocapture 
technology had become mature fiu small body missions (Mars, Titan, Earth), it would not be adopted for p h e t a ~ ~  
mission use without a successM flight test demonstration. In this sense it paralleled solar electric propulsion 
technology which was not used on a planetary mission until the successhl flight test demonstration on DS- 1. The 
Jet Propulsion Laboratory (JPL) was asked to lead the ST-7 Concept Defbition Study for aerocapture and produm a 
complete design and implementation plan that would be submitted in cumpetition with the other three technologies. 
The author of this paper served as the lead for that study which was named the Aerocaptute Fligbt Test Experiment 
(AFTE). In addition to JPL, fout other organizations were added to the project by NMP after winning a compedtive 
technology solidtation m each of fm separate aerocapture disciplines. The Charles Stark Draper Laboratory was 
chosen to provide the guidance, navigation and control software required to execute all aspects of the aerocapture 
maneuver. Lockheed-Martin &MA) was chosen to design and build the aeroshell sccording to the aerodynamic and 
aerothermodpmic design provided by the team of NASA-Langley and NASA-Ames. NASA-Ames was also 
selected to lead the testing and modeling of the thermal protection system. In addition to its study leadersbp role, 
JPL was chosen to provide prow management, mission analysis, systems engineering, assembly, int@on and 
test (ATLO) and mission operations. 

Unfortmately, NASA did not select AFTE for ST-7 although no technical show stoppers were identified. The need 
for an aerocapture flight test remains, however, and it is expected that the AFTE design will serve as the starting 
point for any fbture attempt to do a low-cost aeroshell aerwpture flight test experiment. The remaiader of this 
paper will describe the details of the AFTE design and its relevance to firture planetary missions. 

FLIGIIT TEST EXPERIMENT O m m  S 

The primary objective of the ST-7 Aerocapture Flight Test Experiment (AFTE) is to successllly complete an end- 
to-end mission that demonstrates all key elements of aerocapture flight and acquires flight data to quanti@ the 
vehicle's performance. Table I lists the five subelements that comprise this Primary objective as determined by the 
AFTE study team. The mission and vehicle designs that meet these objectives are desaibed m the following 
Sections. 

Apollo was designed for guided hypersonic flight, but this capability was never used. 
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Tabk 1. AFlX primary ob]ectives. 

Aerocaptmw Mhrsion Element AFI‘E Quatitatbe Reqdrement 
Execute a large drag deceleration maneuver with l l ly  automatic 
guidance, navigation and control to achieve the desired apoapsis 
altitude. 
Automatically peafarm the post-atmospheric propdSiVe @apseraise 
maneuver to achieve the desiied final orbit. 
Integrate the spacecraft into a protective aeroshell enclosure while 
maintaining fill spacerraft hctionality. 
obtain tracking andon board inertial acceleration data to enable post- 
fight trajectory reumtruction 
Aquire temperature and pressure data on the surtbce and interior of 
the aeaoshell to enable charactdmtion of the surrounding flow field 
and thermal wotection svstem. 

Minimum 2 W s  AV, 400 km 
apoapsis. 

Raise periapsis to 150 km. 

Continuous 3-axis control, telecom, 
and thermal management. 
33.5 km (30) pea axis. 

Deduce s u r b  convective heat 
fluxas to within 2Ph; measure 
surfice messure to within 10%. 

MIWON DESIGN 

It became clear early in the study that the AFTE mission objectives could be achieved with a short duration flight m 
Earth orbit. In particular, the >2 Ws speed decrease requirement could be achieved by using atmospheric drag 
(aerocapture> to transition from a geosynchronous transfix orbit (GTO) to a low Earth orbit. The flight mechanics of 
this mission are very close to that of a ‘Wue” aerocapture involving a hyperbolic to eIliptic orbit change. In addition, 
this approach requires a substantially reduced propulsion system unnpared to boosting a vehicle to escape speed and 
hinging it back toEarth. The potential cost savingsareequally large since it i sp ib l e to rewh  GTOasa 
secondary payload on a eomm~cations satdlite going to geosynch”us orbit, and thereby avoiding the need for a 
dedicated launch vehicle. 

The complete AFTE mission design proceeded &om this basis and is schematically illustrated in Fig. 2. In the 
baselhe mission, AFTE would be lam&& as an Mane 5 ECA secondary payload firom the Kortrou Europe 
Spacqmt m French Guiana. Upon Separation tiOm the primary satellite, t h e m  vehicle proceeds out to a GTO 
apaepsis of 35,780 km m approximately 5 hours. During tbis cruise period, the q ” f t  is m a sun-pomted sa& 
mode with the telecom system transmitting and ground (SN, STSN) and spacebased (TDRSS) stations tracking the 
spacecraft. Navigation updates are provided during this time to correct fw launch vehicle injection errors. At the 
first apoapsis, the spacecraft perfonns a small deceleration maneuver to lower its periapsis into the atmosphere hr  
aerocapture. There are additional navigation updates to the spacerraft a&er the apoapsis maneuver to provide a basii 
for the inertial pvpgation of the position and velocity during the inaQllosphae part of the flight. The vehicle will 
entm the atmosphere at 10.3 W s  and eXit at 7.9 kmh, giving it a 2.4 km/s decrease. Upon reachmg the 400 km 
appsis  in the new orbit, the vehicle will execute andher propulsive maneuver to mise the @apsis to 200 km, 
thereby placing the spaaxraft into a stable parking orbit. All collected data will be transmitted to ground receiving 
Stations over the next few hours, after which the spacecraft will perf- a final propulsive maneuver to d e d i t  and 
drop mto the Pacific ocean. The nominal mission duration is 18 hours, although the vehicle has sufficient electrical 
power to remain m orbit for up to 2 days if problems were to delay either the amqture ,  data relay or deorbit 
activities. 

{Insert Fig. 2 here) 

Figure 3 shows the detailed mission theline including power msumption, telecom sequence and data flow. Table 
2 summarizes the p.opellant and AV budget. 

{Insert Fig. 3 here) 
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Table 2. AFTE AV bdget 

Nomid M a A V  
Mannuevers AV(mh) (mls) 

Perigee Lower 19.0 21.3 

Aerocaptwe 4.0 8.0 

Perigee Raise 51.2 62.6 

Dearbit 44.7 55.0 

10% COnthWY 11.9 14.7 

ACS Allocation 

Reaiduak 

Fusl L d  w)' 
2.8 

1 .o 
8.0 

6.8 

1.8 

2.0 

0.6 

TOTAL 161.7 22.9 

Based on maximum flight mass of282 kg(300 kg LV 
capabitidy - 18 kg d AHaShell Ad@-) 

AERoCAPTURE GUIDANCE 

The aeroshell provides a fixed lift-to-drag (L'D) ratio which requires bank angle control to change the orientation of 
the lift vector and thereby modulate the trajectory. The guidance f a  AFTE is PRED GUID, a Ikaper Laboratory 
algorithm originally developed fop the Agocapture Flight Experiment m 1988-1991 but never flown because the 
program got cancelled. Adapted for use on AFTE, PRED Gzm) is a numerical predictor-amector algorithm. 
Given a current estimated vehicle state from the navigation system, the algorithm perfans a numerical trajectory 
prediction using simplified vehicle and environment models to determine the expected atmospheric exit conditions. 
The commanded bank angIe is then adjusted to null the predicted target apogee altitude miss. Bank reversals are 
commanded to minimize the wedge angle between the actual orbital plane and the desired target plane. Thus, it is 
not a refimmce-following algorithm, which by nature will nat use the 111 capability of the vehicle. With perfect 
knowledge of the approach trajectory (Le., no navigation mors), no dispersiau m vehicle mass or aerodynamics 
properties, and nominal atmospheric conditions, PRED GUID will by its nature capture the full entry corridor. 

Four degree-of-fieedom trajectory simulations were pedbrined for AFTE using Mhte Carlo techniques to Ikctor in 
uncertainties m approach navigation, atmospheric profiles and vehicle aerodynamics. 'Ihe post-aerocapture -is 
delivery results are presented in Figure 4 where the approach trajectory was restricted to an m-vacuum periapse 
altitude range of 61 to 78 km. Ihe 3a dkpsion is only f19.8 km centered an an altitude of 398 km which 
demonstrates the precise and robust nature of PRED GUID fix this application. 

{Insert F i g .  4 here} 

VEHICLE DESIGN 

In addition to the aerocapture technology mission objectives listed in Table 1, the AFI'E vehicle design was also 
strongly influenced by the need to minimize cost so as to fit within the Constraints of the ST-7 canpetition. This led 
to a singlestring approach based on high heritage s p a " &  components combined with a sufficiently low mass to 
enable launch as a secondary payload This approach was bible because all of the specialized components 
required for aerocaptwe oould be taken fiom other spacectaft and atmospheric entry capsule vehicles; there&, the 
'hew" asped of AFIZ became the systems engineering required to bring these pieces to$ether and use them on an 
aefocaptute application. The last major AFTE vehicle design driver that was also satisfied was maintaining 111 
spacecxaft functionality despite enclosing all components inside a blunt body aeroshell. The major affected 
subsystems are those that require interaction with the outside environment: thermal control, telecommunications, 
navigation (star t r a c k d m  sensors) and propulsion. Externally mounted oomponents cannot survive the 
hypersonic heating edlvironmeot and therefire must be duplicated intanally to be used in the post-aerocapture phase 
of the mission. This duplicaticm is a mass and cost penalty that detracts 6iom the overall performance on the 
aerocapture system. 
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The basic vehicle umf&yratian is Shown in Fig. 5 .  The 1.4 m diameter aeroshell is a VikinglMars Pathfinder 
heritage 70" s p h e r m e  comprised of LMA's SLA 561VlS ablative thmd protection material on top of a 
mmocque composite honeycomb structure. AU internal spacecrait components are momted on a plate attached to 
the aeoshell at the heatshield-berdrshell shoulder joint. The center of mass of the vehicle is of&& from the 
geometric vertical axis to cause the vehicle to fly at a 16' angle of attack, thereby generating a lift-tedrag ratio 
(WD) of 0.25. The back plate of the aaoshell includes the lwmcb vehicle adapter ring to give a nose-up launch 
configuration, an arrangement that aligns the primary launch scceieration with the primary ahnospheric drag 
deceleration. As a cost-saving hture, the aerosbell was designed to not bejetthned a f b  w e e .  This 
hctionaiity is not required fix AFTE, although W e  plauetary missions ciearly need to remove the axosheil after 
orbit insertion. 

{Insert Fig. 5 here) 

Table 3 is the master equipment list hr AFTE showing model numbers, vendors, eStimated masses, recommended 
design umthgacies and heritage of components. There is a very large propation of existing ac modified elements, 
with most ofthe new elements being st"s that we typically customized fbr a new application anyway. The 
vehicle is designed to run off battery power only, taking advantage of the short mission duration to avoid the need 
for extmally mounted solar arrays, other key avionics components include: an RAD 6000 processor on an Lh4A 
6U VME back plane, a Littm LN200 inertial measurement unit, a Ball CTd33 star Wer ,  AdcoIe 20020 sun 
sensors and a Motorola TDRSS 4 S-band t raupder .  Agoahell cutouts are provided to &le the star lracker and 
sunsensortoseasetheoutsideenvitarment,whilethetranspondexco"unicates~~two~~antennas 
mounted Meen the TPS and the moshell structure, and aligned m opposite directions on the heat shield and 
backshell respectively. The transponder provides 5 W of transmitted power which results in a data rate of 2-10 kbps 
to the TDRSS satellites, 50 kbps from geostationary altitude to the ground and ZOO0 kbps fioan the post-aerocapture 
low earth orbit to the ground Ihe primary insbnunentatiOn for AFTE consists of 104 thaooo~lples embedded in 
the heat shield and back shell at various locaticms, intaqmed with 24 pressure ports leading to iatanal scams 
(Fig. 6). The data generated by thm sensors Comprises the bulk of the 300 Mbits totd data vohnne and will be used 
after the flight to validate the aeothermodynamic models used to design the vehicle. 

(Insert Fig. 6 here) 

Propulsion for AFTE is ovided by 8 - 4.5 N hydrazine thrusters arranged in pairs to provide all attitude control, 

for eachthrusternozzle. The nominal hydrazine l a d  of 19 kg iscmtained m atitaaium propellant tank and 
supplied to the thrustas with a simple blowdown feed system. The spaceaaft thumal control is provided by a 
combination of elements. White paint is used on the TPS to minimize solar absorption and maximize IR emission. 
The aeroshell stnrcture itself at the back plate location will serve as an effective radiator for internal heat dissipation 
despite the presence of TPS material on the external surfke. A loop heat pipe will be used to transport heat to this 
radiator. During the atmospheric portion of the flight, howver, the heat pipe will be turned offto limit reverse heat 
flow back into the spceaait. The heat &-back through the aermhell after BesocBpatre is passively 
acco"odated by the thamal mextia of the vehicle whi& limits the temperature rise of critical components to 
acceptable levels. This approach avoids the cost and mechanical complexity of an aeroshell separation mechanism 
which would otherwise be required to limit the &-back problem. 

including up to a 5 degl 5 roll rate as required by the BerocaptLlre guidaace soitware. Aeroshell cutouts are provided 
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Table 3. AFTE Mastar Equipment Ust (MEL) 
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COST AND MANAGEMENT 

The proposed organizational structure fix AFT33 was based on JPL's flight project organization template, and is 
shown in Figure 7. Key leadership positions below the system-level managers are identified, including Project 
Element Managas (PEMs), and Cognizant Engineers (CEs), the PEM designation being granted for larger project 
elements requiring substantial management responsibility. Under h premise of a NIKP ST-7 mission, the JPL- 
based project office would have executed md managed contracts and other appropriate fimding mechauisms (e.&, 
bypass iimdhg to NASA centers) with all team members. This included contracts to Charles Stark D r a p  
Laboratay (CSDL) for Guidance, Navigation, and C m t d  (GN&C) develapmemt, and Lockheed Martin 
Astronautics Operations (LMA) for a&eU development. JPL would have provided all financial and d e r  project 
status reporting to NASA. Management of the AFTE project would have been conducted in accordance with the 
policies and requirements specified by NPG 7120.5a/b, and JPL's hstiMional procedures for 7120.5ah 
implanatation. 

{Insert Fig. 7 here} 

A grass-roots cost estimate was generated for AFTE based on a Work &&down Structure comprised of all 
spacecraft elements. The total estimated cost exchding the launch vehicle is $79.4M as summarized in Table 4. 
This Correspanded to a nominal 39 mcmth schedule with Project Formulation Refinement (phase B) starting in 
February 2002, launch m Janmy 2005 and completion of post-flight data analysis in April 2005. It shauld be noted 
that although AFl'E is only a 1 day mission, the ability to exploit this feature fix cost savings is very limited given 
the design approach of using robptst, higbhtritage spawcrafi avionics components. SimiMy, the q"fl 
sofhrare shares most of the functionality characteristic of longer missions which also limits cost saving 
opporhmities. 

Tabk 4: T a l  AFTF, misgioa eoat by WBSekment. 
I I TOM I 

$1.131 

$17230 
$7,167 

TECHNOWC Y INFUSION TO FUTW MlrsSrO NS 

"&e AFI'E flight panunetcrs are rep.esentztve of the class of small body aerocaptum missions in the solar system as 
summarized in Table 5. The commonality of deceleration AV, heating rata and 30 entry corridor widths suggests 
that the low-UD blunt body aeroshell approach will be suitable for all of these missions. In contrast, the parameters 
of gas giant planet missions, as represented by Neptune in Table 5, are significantly difkrent in terms of heating 
and, on the h i s  of preliminary analysis, entry corridor widths. This suggests tbat h@er VD vehicles with 
difikvnt thermal protection system will be required far these missions However, the bank mgle control guidance 
strategy and the tmjectory and aerodynamic simulatian tods are expected to be direuly applicable to small bodies 
and gas giants alike. The other d i a d  aspect of AFTE inbion to future missions is the design methodologies and 
tools, systems engineering and trained personnel that will be developed and validated with a successll flight test 
experiment. 

7 



Table 5: Comparison of AFTE Flight Parameters with Futsre Low-LlD 
Aemcaptnre AerosheU Missions 

Although AFTE is fmed  on aerocapture mission applications, there is a very high degree of overlap with 
atmospheric entry missions that fkature guided hypersonic flight for precision landing purposes. Specifically, both 
applications could use automatic bank angle control of an aeroshell vehicle with similar aerodynamics because of 
the shared entry speeds, YD ratios and hypersonic Reynolds and Mach numbers. The vehicle design methodologies 
and systems engineering will be likewise be oommon. The", it is expeccedthat AFTE K i t  test results will 
directly support precision entry and lsnding missions in these technical areas. It is worth noting that thae 
exists an w t y  to modify the final stage of the AFTE mission to include guided flight *om de-orbit to 
splashdown and therefme directly mimic all flight phases of a precision landing mission. This option was not 
evaluated in detail during the study, but it seems likely that the impact an vehicle design and cost would be minimal. 

CONCLUSIONS 

The Aerocaptum Flight Test Experiment (AFTE) was developed but not selected by the New Millennium Frogrum 
for its ST-7 flight test opportunity. Nevertheless, the AFTE design provides a foundation upon which W e  
aerocapture flight test missions can be amsidered. It consists of a 195 kg vehicle comprised of a Mly functional 
spacecraR inside a 70 degree spheae-cone aeroshell. It is launched as a secondary payload to geosynchronous 
transfix orbit, flom which it executes a 2.4 km/s drag dederation flight m the atmosphere qxm first paiapse. 
Although not strictly an aemqhm mission m the sense of perfinming a hyperboic-@ellipticaI orbit change, the 
flight mechanics and 2.4 km/s AV of AFTE are relevant. 'The singlestring vehicle b i g n  is based on high heritage 
components and careful systems engineering that produce a robust aerocapture technology flight experiment 'The 
key technical details and mission parameters have been described herein. 

A large number of people worked on AFTE and I want to achowldge their efforts and cimtributicms to the project. 
From the Charles Stark Ikaper Laboratory, Greg Barton. F m  Lockheed-Martin CorponrtiOn, Bill Willcockson. 
From NASA-AMES Research Center, 3ernie Laub, Paul Wercinski and Ethhj Venkatapthy. From NASA- 
Langley Research C a t s ,  Mary Kae Lockwood, Rob Calloway, Neil Cheatwood, Jim Corliss, Robert Dilman and 
Charles Miller. From JPL, Shawn Goodman, Sam Ihurman, Gmge Cmcro, Kh" Ellers, Winston Fang, Steve 
Gunter, Ed Jorgcmen, Clint Kwa, Mike Lisano, Eli McMahon, Muriel Noca, Vmce Randolph, Ed Sewall, Paul 
Woodmansee, and Y-C Wu, From Stellar Exploration Inc., Tomas Svitek. I will apologize in advance fur those 
whose names I inadvertently left of this list. 

This work for funded by NASA's New Millennium Program under its ST-7 night test opportunity. 
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Figum S. SpacecraiV configuration. 



symmetry axis Symmetry axis 

Figum 6. AFTE i t " n t S t i 0 n  layout. 






